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I. INTRODUCTION
The time modulated (TM) antenna arrays were proposed and experimentally demonstrated in 1960s [1] , [2] . Recently, the TM antenna arrays have regained their research interests, due to their attractive features in the design of low/ultra-low sidelobes and shaped patterns [3] - [10] . The major advantage of the TM arrays is that there is an additional degree of design freedom-time-as compared to their conventional counterpart. The amplitude excitations of TM arrays only require a low dynamic range ratios or even a uniform distribution while designing low/ultra-low sidelobe patterns, which are much easier for hardware implementation [6] .
Previous analysis of TM antenna arrays are all based on pattern multiplication approach, where each array element is assumed to have the same radiation pattern and the total far field of a TM array is obtained by the multiplication of the element pattern and the array factor. In order to investigate the TM arrays thoroughly, more accurate analysis or full-wave simulation of TM arrays are thus necessary. The difficulty of the full-wave simulation of TM antenna arrays originates from the fact that the excitations on each of the array elements are periodic time modulated signals. The pulse repetition frequency (prf) is much lower as compared to the carrier frequency in a TM array. If conventional time domain full-wave simulation approach (e.g., finite difference time domain method) is adopted to simulate the TM array, enormous number of time steps will be required before the simulation process reaches a truly stable state. For TM arrays with lower time modulation frequency, the required number of time steps will be prohibitively huge and even make it impossible for the simulation.
In this communication, a frequency domain full-wave simulation approach is proposed for the analysis of TM antenna arrays. The time-domain excitation signals are decomposed into Fourier series, thus obtaining the excitation distributions at the central operating frequency and the sideband frequencies. Traditional frequency domain full-wave simulation approaches are then adopted to simulate the corresponding static antenna array at the central frequency and the sideband frequencies, using the corresponding excitation distributions at each frequency. The frequency domain radiation patterns are then combined to form the The time modulation period of the RF switches is assumed to be T p with a pulse repetition frequency prf = 1=Tp. If a plane wave of frequency f 0 is transmitted to the TM linear array, after going through the RF switch, the amplitude tapering device and the phase shifter in each channel, the received signal at the feed port of the kth element is given
where A k and k are the static excitation amplitude and phase of the kth element, and U k (t) is the periodic switch-on time sequences. For the TM arrays with VAS time schemes, U k (t) = 1 during the period of "on" times k (0 k T p ) and U k (t) = 0 for the rest of the period [6] .
In the pattern multiplication approach [6] , each element is supposed to have the same radiation pattern p e (; '), and the far-field pattern of the TM linear array can be expressed as E(; '; t) = pe(; ')e j2f t N k=1
A k e j U k (t) 1 e j(k01)d sin (2) where d is the element spacing, = 2f 0 =c; c is the velocity of light in free space. Due to the periodicity of U k (t), the space and frequency response of the TM array far-field pattern (2) 
where a mk is the complex amplitude [5] .
The space and frequency response of the TM linear array to the periodic excitation (1) is actually a combination of (3). Likewise, if all the Fourier components of the far field patterns are obtained by traditional full-wave simulation, the entire space and frequency response of the TM linear array can be obtained by combination, given by E(; '; t) = 1 m=01 Em(; ') 1 e j2(f +m1prf)t : On the other hand, the periodic excitation (1) 
The excitation signal expressed by (1) and (5) are of no difference but having different format. Thus, we can use any conventional frequency domain full-wave simulation approach to obtain the frequency domain radiation pattern E m (; ') with the corresponding excitations (6), and then combine them together to obtain the space and frequency response of the TM linear array. In this communication, commercial software HFSS was used for the conventional frequency domain full-wave simulation of the corresponding static linear array. Since the higher order sideband levels of a TM linear array are usually much lower than those of the lower order sideband, only several lower order sidebands are of interest during the simulation. Thus, we considered only 10 sidebands in our simulation. Moreover, due to the fact that prf is usually much lower as compared to the carrier frequency, the mesh generation and frequency domain simulation results at the central frequency can be reused at lower order sidebands without loss of much accuracy.
III. NUMERICAL RESULTS
In this section, the 16-element printed dipole parallel linear array with time modulation in [10] is simulated using the proposed frequency domain full-wave simulation approach. Detailed geometries of the linear array and one of the printed dipole are shown in Fig. 1 . The dipole linear array has an aluminum ground plane of the size 1.84 m 2 40 cm 2 3 mm. The array element spacing is 95 mm, about half-wave length at 1.575 GHz. The two arms of the printed dipole were printed on each side of a thin dielectric substrate with "r = 2:2 and h = 0:7874 mm, and a tapered balun was used to feed the dipole via an SMA connector. A Rohacell foam of thickness 12.7 mm was attached to each side of the substrate and the ground plane to provide better mechanical support. The feeding details such as the balun transition and the coaxial feed line were considered in the full-wave simulation. For simplicity, the feeding network composed of commercial RF switches and the power divider is not considered. Moreover, the simulated TM linear arrays have both uniform amplitude and phase distributions (A k = 1; k = 0 ).
In the first example, the TM linear array was used to synthesize a broadside beam of 025 dB discrete Taylor n( n = 4) pattern at the central frequency 1.56 GHz, with T p = 10 s and prf = 100 KHz.
In this case, mutual compensation is not considered, and the switch-on time interval of each element can be obtained from (6) with m = 0 [6] . The frequency domain equivalent excitation amplitude and phase of each element at the central frequency and each sideband frequencies are then obtained, which are plotted in Fig. 2 . It is observed that the frequency domain equivalent excitation phase distributions for the sidebands are non-uniform, due to the time modulation characteristics. The printed dipole linear array was then simulated using HFSS at the central frequency 1.56 GHz. After the simulation, the frequency domain equivalent excitation amplitudes and phases in Fig. 2 were input at the port of each element to calculate the frequency domain radiation patterns at the central frequency and the sideband frequencies. Finally, all the frequency domain radiation patterns were combined into the space and frequency response of the TM linear array, as shown in Fig. 3 . It is observed that the space and frequency response of the TM linear array is constructed successfully. Fig. 4(a) shows the simulated Fig. 4 . Comparison of the full-wave simulated patterns and the measured patterns in [10] : (a) f (1.56 GHz), (b) 1st sideband f + prf and 2nd sideband f + 2prf.
normalized far-field pattern (solid line) at the central modulating frequency, in comparison with the measured pattern (dashed line) at 1.56 GHz of the TM linear array reported in [10] . Fig. 4(a) also shows the target pattern of 025 dB discrete Taylor n( n = 4) pattern (dotted line).
As can be seen, the simulated result and the measured result are in close agreement, and both of them close to the target pattern. The simulated relative SLL is 022:98 dB, close to the measured 023:92 dB. The simulated relative sideband patterns at the first 2 sideband frequencies f 0 + prf; f 0 + 2prf are shown in Fig. 4(b) , in comparison with those of the corresponding measurement data reported in [10] . It is observed that the simulated sideband patterns are in reasonable agreement with the measured patterns. The simulated SBL is 012:3 dB, which is also close to the measured value of 014:2 dB.
Secondly, a 030 dB SLL discrete Taylor n( n = 5) pattern was selected to be realized. In this case, mutual compensation is considered, and the compensated phases and switch-on time sequences reported in [10] are substituted into (6) to obtain the frequency domain equivalent excitations. Finally, the full-wave simulated normalized pattern at the central modulation frequency 1.56 GHz is shown in Fig. 5(a) , in comparison with the measured results of the TM linear array with mutual coupling compensation reported in [10] . It is observed that the agreement is good. The simulated sidelobe is 029:69 dB, which is very close to the measured SLL of about 028:32 dB. Fig. 5(b) shows the full-wave simulated sideband patterns at the first and second sidebands, in comparison with the measured results in [10] . The simulated peak sideband levels are 012:19 and 017:81 dB at the first and second sidebands, close to the measured levels of 013:09 and 021:05 dB in [10] , respectively. In general, the full-wave simulated sideband patterns are in reasonable agreement with the measured sideband patterns in [10] .
IV. CONCLUSION
In this communication, we have proposed a frequency-domain full wave approach to simulate the TM linear antenna arrays. By decomposing the time-domain excitations into frequency-domain amplitude and phase excitations at the central modulating frequency as well as the sideband frequencies, the TM linear arrays can be simulated using conventional frequency-domain full-wave simulation approach. Consequently, the space and frequency responses of the TM linear arrays can be obtained through combinations of the space patterns at the respective central modulating frequency and sideband frequencies. The proposed approach was applied to the full-wave simulations of L-band printed dipole TM linear arrays with VAS time modulation schemes.
The full-wave simulation results are in reasonable agreement with reported measurement results, thus demonstrating the effectiveness of the proposed approach.
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I. INTRODUCTION
One of main challenges of contemporary computational electromagnetics is the complexity of problems to be solved. Thus, efforts of scientists concern, for instance, solving very big problems involving millions of unknowns in a reasonable time [1] 
